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Abstract—In this paper, a transparent dual-element millimeter-
wave (mm-wave) array for handsets is proposed. The antenna is
mounted on top of a glass display and it is made by diamond grid
cells that provide a transparency of 86 %. In order to reduce the
surface waves generated and make the radiation pattern more
directive, several rows of meshed patches have been placed in
front of the mm-wave bow-tie array. The antenna array operates
from 26.5 to 29.5 GHz and has a total efficiency of more than
70 % in the operating bandwidth. The array is able to steer the
beam 70◦ with a realized gain higher than 7 dBi.
Index Terms—5G mobile communication, Antenna-on-Display,
handset, transparent antenna.
I. INTRODUCTION
New frequency bands have been introduced in the
millimeter-wave (mm-wave) spectrum for the fifth generation
of mobile communication (5G) [1]. For that reason, 5G-
enabled handsets need to include antenna systems that cover
the new bands. The limited available space in handsets has
prompted the appearance of integrated low and high-frequency
antennas [2]–[6] and new locations for the mm-wave antenna
designs, where the antennas are printed on the active display
region [7]–[10]. The glass display of the handset is employed
as the substrate of the antenna. In [9], an optically invisible
antenna is integrated within the OLED touch display of a
smartwatch. In [10], a transparent Antenna-on-Display (AoD)
solution are presented for handsets at 28 GHz. An optically
invisible antenna and a transparent one are proposed in [7]
for mm-wave frequencies. However, the total efficiency of the
two antennas-on-display has low values: 29.83 % and 52.37 %,
respectively.
One of the main challenges of planar antennas is the control
of the surface waves. The appearance of surface waves is
more noticeable with higher dielectric permittivity substrates,
like glass [11]. There are several reasons why surface waves
are detrimental to antennas: they distort the radiation pattern,
increase the mutual coupling of the array and reduce the
antenna efficiency. For those reasons, it is important to control
the surface waves in the case of AoD.
One of the solutions proposed in literature to reduce the
surface waves is to drill holes in the substrate to reduce
the effective dielectric constant. However, since the mm-
wave array is thought for antenna-on-display applications, the
substrate cannot be perforated.
In this paper, a transparent array is presented to be placed
on the handset display. Several layers of patches are located
in front of the array to radiate the current coupled from
the surface waves and thereby reduce their effect. The array
achieves high radiation efficiency.
II. ANTENNA SYSTEM DESIGN
The handset is formed by a glass substrate and a metallic
plane on the bottom. The transparent antenna system is printed
on the top part of the display, as shown in Fig. 1. Since the aim
of this work is to show the surface wave reduction, the array
is located in the longest edge of the terminal. This manner, the
surface waves have more space to propagate without finding
any edges. However, this solution can be employed in different










Fig. 1. Exploded view of the transparent array mounted on the handset.
The antenna system configuration is detailed in Fig. 2. The
system is composed of 2 meshed bow-tie shaped monopoles.
Since the bow-tie element provides high gain, only two
antennas are needed so that the array gain is higher than
7 dBi in the frequency band. A strip is placed between the
antenna elements to reduce the mutual coupling of the array.
Since the aim is not to perforate the substrate, the strip is
grounded on the edge of the glass. The structure proposed to
reduce the surface waves consists of several row of meshed
patches, as shown in Fig. 2(a). The patches, which are fed by
the surface waves, radiate most of the energy coupled from
the monopoles, preventing it to propagate along the substrate.
The size of the square patches is a = 2.1 mm, b = 1.785 mm
and c = 1.575 mm. The display is made of a glass substrate of
εr = 6 and thickness of 0.7 mm. The unit cell that constitutes
the grid has a thickness of 2000 Å and a width of 5 µm.
For that mesh width, the optical transparency is 86 % [7] and
the conductivity 2.675 × 106 S/m [12]. The dimensions of
the grid are wver = 100 µm and whor = 50 µm (Fig. 2(b)).
The grid cells can be implemented with a photolithography





















Fig. 2. Simulated models. (a) Antenna array with strip structure to reduce
the surface waves. (b) Details of the mm-wave antenna and diamond grid.
III. SURFACE WAVE REDUCTION
The effect of surface waves in the radiation pattern can be
detrimental in systems that require very directive antennas.
The radiation patterns of the array and the proposed solution
with radiating strips to reduce surface waves are represented
in Fig. 3. In the case of only the antenna array on the display,
the main lobe gain is 7.6 dBi. The proposed array with strips
can achieve 10.5 dBi.
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Fig. 3. 3D realized gain radiation pattern. (a) Antenna array without strips.
(b) Antenna array with patch structure to reduce the surface waves.
The polar radiation patterns of both structures are repre-
sented in Fig. 4. As it can be seen in Fig. 4(a), the propagation
of the surface wave causes the appearance of ripples in the
radiation pattern. The value of the realized gain in boresight
(-30◦) is 5 dB. On the other hand, when the patches are placed
in front of the array, there is a gain enhancement of 5 dBi
and the radiation pattern is smoother. Besides, the back lobes
are reduced 5 dBi. The 3 dB angular width in the φ = 0◦
cut is 8.4◦ and 48.1◦ for the array without and with patches
respectively. The deep ripples in the radiation pattern are
responsible for the large difference. The 3 dB angular width
























































Fig. 4. In-phase realized gain radiation pattern at 28 GHz. (a) Φ = 0◦ plane.
(b) Φ = 90◦ plane.
For a better comprehension of the mechanism to reduce
the surfaces waves, the surface currents of the proposed mm-
wave array have been represented in Fig. 5 with and without
the patches. When no patches are placed in front of the array
(Fig. 5(a)), it can be seen how the surface wave propagates in
the glass. The surface wave is more noticeable in the direction
of the center of the array (-x axis). With only one row of
patches, the current is still larger in that direction. Adding
two rows of patches redirects the surface current in more
directions. The last patch added in a third row allows to reduce
considerably the surface current in the original direction (-x
axis). In conclusion, the presence of the patches decreases the
surface currents up to 15 dB and as it can be seen in Fig.
5(b) the surface waves are significantly reduced. This is due
to the fact that the patches are fed by the surface currents.
This allows the radiation of most of the energy.
IV. ARRAY PERFORMANCE
The simulations results are carried out by CST Microwave
Studio 2019. The S-parameters of the array are plotted in Fig.
6. The reflection coefficient of the antenna is matched below
-10 dB from 26.4 to 29.36 GHz. The transmission coefficient
has been reduced with the presence of the grounded strip
between the antennas, with a value lower than -13.2 dB in
all the operating bandwidth. The total efficiency of the array
is represented as well in Fig. 6. The efficiency is higher than
70 % in all the bandwidth and it reaches a value of 83 % in
the frequency range 27.5-29 GHz.
The realized gain evolution as a function of the frequency
in the boresight direction is plotted in Fig. 7. The realized gain
is higher than 9 dBi in the operating frequency band.
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Fig. 5. Surface currents at 28 GHz. (a) Without patches. (b) With patches.
Fig. 6. S parameters of the proposed design and total efficiency of the array
(including mismatching losses).
Since high gain antennas provide narrow beams, mm-wave
arrays are required to steer the beam to provide wide coverage.
One of the important figures of merit is the beam-steering
envelope. It is calculated by selecting the beam that provides
the maximum gain at every angle. The beam-steering envelope
of 12 different beams is represented in Fig. 8. Since the
direction of the main beam is tilted with respect to the axes
of Fig. 2, the coordinate system has been rotated -25◦ (with
the y axis fixed). The reason why the radiation pattern is
tilted in the xz plane is due to the combination of structures
with different radiation patterns. In other words, the bow-tie
monopoles present an endfire radiation pattern, while the rows
Fig. 7. Realized gain evolution in terms of frequency in the boresight
direction.
of patches have broadside radiation. The maximum scanning
angle for a realized gain higher than 7 dBi is θ = ±35◦.




























Fig. 8. Beam-steering envelope. The coordinate system has been rotated -25◦
(with the y axis fixed) with respect to the one in Fig. 2, to point at boresight.
V. CONCLUSION
A transparent mm-wave array has been designed for
Antenna-on-Display applications. Several rows of patches have
been places in front of the array to reduce the surface wave
propagating in the glass substrate. This makes the radiation
pattern more directive and with less ripples. The array operates
in the frequency range 26.4-29.3 GHz and presents a total
efficiency higher than 70 % in all the bandwidth. The array is
able to beam-steer θ = ±35◦, with a gain higher than 7 dBi.
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